Poly(ADP-ribose) polymerase-1 (PARP1) repairs single-stranded DNA (ssDNA) breaks following various injuries. As PARP1 utilizes NAD^+^ to form poly(ADP-ribose) polymers (PAR) during this process, extensive PARP1 activation results in energy failure, promoting necrotic cell death because of NAD^+^ depletion.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ Furthermore, PARP1 is a useful hallmark of apoptosis because full-length PARP1 is cleaved by the apoptotic proteases, caspase-3 and -7, into p85 and p25 fragments during apoptosis.^[@bib7],\ [@bib8]^ In contrast, the degradation of full-length PARP1 protein without cleavage into apoptotic fragments is mediated by caspase-independent ubiquitylation that plays a regulatory role in apoptosis, necrosis and other PARP1-regulated cellular processes.^[@bib9],\ [@bib10],\ [@bib11],\ [@bib12]^ Therefore, it is likely that the distinct profiles of PARP1 (activation, cleavage or degradation) may involve the differential cellular responses following harmful stimuli.

Status epilepticus (SE) is a medical emergency with significant mortality.^[@bib13]^ SE is a continuous seizure activity involving severe and prolonged hypoxia that induces sustained neuronal damage, astroglial death and reactive astrogliosis.^[@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^ In particular, astroglial responses show regional-specific patterns following SE. Briefly, astroglial death was observed in the molecular layer of the dentate gyrus and the piriform cortex (PC) before or after neuronal death. In contrast, reactive astrogliosis was detected in other regions of the hippocampus and cortex.^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23],\ [@bib24],\ [@bib25]^ Based on the properties of PARP1 responses to stimuli, it is likely that PARP1 may be one of the potential molecules to involve neuronal damage and regional-specific astroglial responses to SE. In order to address this hypothesis, we first investigated the characteristics of PARP1 responses to SE in the rat hippocampus and PC. We then examined whether PARP1 regulates the neuronal/glial responses to SE, and finally whether hemodynamics involves PARP1 responses to SE using *ex vivo* model.

Results
=======

PARP1 differently involved neuronal and astroglial responses to SE in the hippocampus
-------------------------------------------------------------------------------------

Western blot data revealed that SE reduced the level of full length of PARP1 protein without cleavage into apoptotic fragments in the hippocampus 2--3 days after SE ([Figures 1a and b](#fig1){ref-type="fig"}, *P*\<0.05 *versus* non-SE animals). At 1 to 4 weeks after SE, the level of full length of PARP1 protein in the hippocampus was increased as compared with that observed at 3 days after SE, whereas it was still lower than that observed in non-SE animals ([Figures 1a and b](#fig1){ref-type="fig"}, *P*\<0.05 *versus* 3 days after SE). As compared with non-SE animals, the number of PARP1-positive CA1 and CA3 neurons (not dentate granule cells) was reduced 3 days after SE ([Figures 1c and d](#fig1){ref-type="fig"}, *P*\<0.05 *versus* non-SE animals). At 1 week after SE, the number of PARP1-positive CA1 and CA3 neurons was similar to that observed 3 days after SE. In contrast to neurons, SE induced PARP1 expression in non-neuronal cells within the stratum radiatum of CA1 and the stratum lucidum of CA3 region at 3 days to 4 weeks after SE. However, SE diminished PARP1 expression in non-neuronal cells within the molecular layer of the dentate gyrus ([Figure 1c](#fig1){ref-type="fig"}). Double immunofluorescent study revealed that non-neuronal cells showing PARP1 expression in the molecular layer of the dentate gyrus were astrocytes ([Figure 2a](#fig2){ref-type="fig"}). Consistent with previous studies,^[@bib19],\ [@bib24]^ SE resulted in apoptotic astroglial death accompanied by disappearance of PARP1, GFAP and glutamine synthase (GS) expression in the molecular layer of the dentate gyrus ([Figures 2a, b and d](#fig2){ref-type="fig"}, *P*\<0.05 *versus* non-SE). In contrast to the dentate gyrus, reactive astrocytes showed PARP1 induction in the CA1--3 regions following SE ([Figures 2c and d](#fig2){ref-type="fig"}, *P*\<0.05 *versus* non-SE).

SE degraded PARP1 in PC neurons, but induced it in microglia in the PC
----------------------------------------------------------------------

Similar to the hippocampus, the level of full length of PARP1 protein was gradually reduced in the PC without cleaved PARP1 fragments until 3 days after SE ([Figures 3a and b](#fig3){ref-type="fig"}, *P*\<0.05 *versus* non-SE animals). At 1 to 4 weeks after SE, the level of full length of PARP1 protein in the PC was increased as compared with that observed at 3 days after SE, whereas it was still lower than that observed in non-SE animals ([Figures 3a and b](#fig3){ref-type="fig"}, *P*\<0.05 *versus* 3 days after SE). In non-SE animals, PARP1 expression was obviously detected in neurons, but not in non-neuronal cells ([Figures 3c and d](#fig3){ref-type="fig"}). Following SE, the number of PARP1-positive neurons was reduced in the PC as compared with non-SE animals, although PARP1 induction was detected in non-neuronal cells ([Figure 3c](#fig3){ref-type="fig"}). SE resulted in massive astroglial death in the PC and PARP1 degradation in PC neurons ([Figures 4a--c](#fig4){ref-type="fig"}). Reactive astrocytes in the PC showed no PARP1 induction (data not shown). In contrast, IB4-positive microglia exhibited strong PARP1 expression following SE ([Figure 4b](#fig4){ref-type="fig"}). Together with changed PARP1 expression in the hippocampus, our findings indicate that PARP1 degradation/induction may show the regional and cellular-specific patterns in the rat hippocampus and the PC following SE.

PARP1 activity was observed in hippocampal neurons and CA1-reactive astrocytes following SE
-------------------------------------------------------------------------------------------

To elucidate the correlation between PARP1 activity and cellular responses to SE, we examined PARP1 activity by immunohistochemistry for PAR. In non-SE animals, PAR immunoreactivity was rarely observed in the hippocampus or the PC. At 12 h after SE, PAR immunoreactivity was detected in CA1--3 neurons and dentate granule cells. In contrast, few PC neurons showed PAR induction ([Figure 5](#fig5){ref-type="fig"}). At 1 day to 4 weeks after SE, PAR immunoreactivity was gradually reduced in CA1--CA3 neurons, dentate granule cells and PC neurons (data not shown). PAR induction was detected in some astrocytes within the stratum radiatum of CA1 region ([Figure 5](#fig5){ref-type="fig"}). These findings indicate that PARP1 activity may involve hippocampal neuronal death and CA1-reactive astrocytes following SE.

PARP1 inhibitor attenuated neuronal damage and reactive astrogliosis, but aggravated astroglial death following SE
------------------------------------------------------------------------------------------------------------------

To confirm the role of PARP1 activity in SE-induced neuron--astroglial damage, we applied PJ-34 and DPQ (PARP1 inhibitors) before SE induction. In the vehicle-treated group, the numbers of Fluoro-Jade B (FJB)-positive degenerative neurons per mm^3^ in dentate hilar neurons, CA1 and CA3 neurons and PC neurons were 17 545±2443, 26 318±1993, 21 358±2314 and 24 658±3698, respectively, 3 days after SE ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). In the PJ-34-treated group, the numbers of FJB-positive degenerative neurons per mm^3^ in dentate hilar neurons, CA1 and CA3 neurons and PC neurons were 15 432±1698, 10 841±1924, 9818±1152 and 2 1742±4236, respectively. In the DPQ-treated group, the numbers of FJB-positive degenerative neurons per mm^3^ in dentate hilar neurons, CA1 and CA3 neurons and PC neurons were 16 352±1785, 9845±1534, 8745±1895 and 19 857±5123, respectively. These results revealed that PARP1 inhibitors attenuated SE-induced neuronal death in CA1 and CA3 neurons, but not in dentate hilar cells and PC neurons ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, *P*\<0.05 *versus* vehicle). Although PARP1 inhibitors themselves did not affect the number of GFAP-positive astrocytes in non-SE animals (data not shown), both PARP1 inhibitors effectively inhibited reactive astrogliosis in the CA1 region at 3 days after SE ([Figures 6a and c](#fig6){ref-type="fig"}). Following SE, however, PARP1 inhibitors induced astroglial death in the stratum lucidum of the CA3 region where astroglial loss was not observed in vehicle-treated group ([Figures 6a and c](#fig6){ref-type="fig"}, *P*\<0.05 *versus* vehicle). Furthermore, PARP1 inhibitors deteriorated astroglial death in the molecular layer of the dentate gyrus following SE ([Figures 6b and c](#fig6){ref-type="fig"}, *P*\<0.05 *versus* vehicle). PARP1 inhibitors did not affect SE-induced astroglial death in the PC ([Figures 6a and c](#fig6){ref-type="fig"}). Taken together, our findings indicate that PARP1 activation may play important roles in neuronal death and reactive astrogliosis within the CA1 and CA3 regions. However, PARP1 degradation/inactivation may involve in neuronal death in the PC and astroglial death in the molecular layer of the dentate gyrus following SE.

SE-induced PARP1 degradation and activation are independent of hemodynamics
---------------------------------------------------------------------------

To investigate whether the distinct microenvironment mediated by hemodynamics results in the regional-specific PARP1 degradation and activation following SE, we applied *ex vivo* model (acute brain slices) to rule out the hemodynamic effects. As compared with normal artificial cerebrospinal fluid (ACSF), ACSF+pilocarpine (PILO) decreased the number of PARP1-positive astrocytes within the molecular layer of the dentate gyrus without reduction in the number of GFAP-positive astrocytes ([Figure 7](#fig7){ref-type="fig"} and [Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}, *P*\<0.05 *versus* normal ACSF). In contrast, ACSF+PILO increased the number of PARP1-positive astrocytes within the CA1 and CA3 fields ([Figure 7](#fig7){ref-type="fig"} and [Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}, *P*\<0.05 *versus* normal ACSF). In the PC, ACSF+PILO reduced the numbers of GFAP-positive astrocytes and PARP1-positive neurons ([Figure 7](#fig7){ref-type="fig"} and [Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}, *P*\<0.05 *versus* normal ACSF). ACSF+PILO did not induce PARP1 expression in microglia (data not shown). Western blot study also showed that ACSF+PILO resulted in upregulation of full length of PARP1 expression in the hippocampus. However, it reduced PARP1 expression in the PC ([Supplementary Figures 2b and c](#sup1){ref-type="supplementary-material"}, *P*\<0.05). Similar to the *in vivo* model, cleaved PARP1 fragments were not observed in the hippocampus or the PC ([Supplementary Figures 2b and c](#sup1){ref-type="supplementary-material"}).

ACSF+PILO did not induce neuronal death in the hippocampus and the PC ([Figure 8a](#fig8){ref-type="fig"}). In the hippocampal neurons, ACSF+PILO resulted in PAR induction without alteration in PARP1 expression ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). In PC neurons, ACSF+PILO reduced PARP1 expression accompanied by PAR induction ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). ACSF+PILO reduced the number of GFAP-positive astrocytes in the PC, but not in the molecular layer of the dentate gyrus ([Figures 8a and b](#fig8){ref-type="fig"}). ACSF+PILO did not induce PAR immunoreactivity in astrocytes (data not shown). As compared with ACSF+PILO, PARP1 inhibitors reduced the number of GFAP-positive astrocytes in the stratum lucidum of the CA3 region, but did not affect astroglial loss in the PC and the molecular layer of the dentate gyrus ([Figures 8a and b](#fig8){ref-type="fig"}). These findings indicate that SE may change the profiles of PARP1 expression in neurons and astrocytes in a hemodynamic-independent manner.

Discussion
==========

PARP1 activation involves SE-induced neuronal death in CA1 and CA3 neurons
--------------------------------------------------------------------------

Although PARP1 promotes cell survival after DNA damage,^[@bib26]^ excessive PARP1 activation causes cell death because of energy failure and mitochondrial dysfunction.^[@bib1],\ [@bib2],\ [@bib27],\ [@bib28],\ [@bib29]^ Thus, it is generally accepted that PARP1 inhibition prevents neuronal death through preservation of the energy-dependent cellular function.^[@bib5],\ [@bib30]^ The vulnerability of neurons to insults is not uniform, but is heterogeneous among the various brain regions. Briefly, dentate granule cells are remarkably resistant to neuronal damage caused by most insults.^[@bib31],\ [@bib32],\ [@bib33]^ Conversely, the CA1 and CA3 neurons, hilar neurons and PC neurons are extremely vulnerable to various harmful stimuli.^[@bib31],\ [@bib32],\ [@bib33],\ [@bib34]^ In the present study, SE-induced neuronal death was not detected in dentate granule cells, but in CA1 and CA3 neurons and PC neurons. Furthermore, PARP1 inhibitors effectively attenuated SE-induced neuronal death in CA1 and CA3 neurons, but not in PC neurons. Therefore, these findings indicate that PARP1 activation may induce CA1 and CA3 neuronal death following SE. However, PC neurons may be damaged independently of PARP1 activation.

PARP1 degradation induces PC neuronal death in a hemodynamic-independent manner following SE
--------------------------------------------------------------------------------------------

In the present study, most of CA1 and CA3 neurons showed PAR synthesis *in vivo* at 12 h after SE, whereas a few PC exhibited it. We hypothesized that these differential responses of PARP1 to SE would be most likely because of the distinctive hemodynamic characteristics between PC and the hippocampus *in vivo*. To confirm this hypothesis, we performed *ex vivo* study. Similar to *in vivo* model, *ex vivo* model showed PAR induction in most of CA1 and CA3 neurons without alteration in PARP1 expression. However, PC neurons showed less PAR induction and PARP1 expression than those in CA1 and CA3 neurons. These findings indicate that PARP1 degradation may involve SE-induced neuronal death in PC neurons unlike hippocampal neurons, and that the regional-specific pattern of PARP1 degradation may be hemodynamic-independent neuronal responses to SE *per se*.

PARP1 degradation results in SE-induced astroglial death
--------------------------------------------------------

Since Schmidt-Kastner and Ingvar^[@bib35],\ [@bib36]^ described regional-specific astroglial damage in the brain after SE, increasing evidence supports that SE leads to devastating astroglial death that is characterized by regional-specific patterns.^[@bib19],\ [@bib24],\ [@bib25]^ However, the molecular events underlying the occurrence of regional-specific astroglial death are unclear. In the present study, PARP1 degradation was observed in astrocytes within the molecular layer of the dentate gyrus showing astroglial loss induced by SE. PARP1 inhibitors deteriorated SE-induced astroglial death in the molecular layer of the dentate gyrus. Following SE, PARP1 inhibitors also induced astroglial death in the stratum lucidum of the CA3 region where astroglial loss was not observed in vehicle-treated animals. In *ex vivo* model, PARP1 inhibitors similarly induced astroglial death in the CA3 region. As in the case of neurons, the present data suggest that regional-specific astroglial PARP1 responses to SE may be independent of hemodynamics. In the present study, massive astroglial-deleted lesion was also observed in the PC where astroglial PARP1 expression was undetected before/after SE. In addition, PARP1 inhibitors did not affect astroglial death in the PC unlike the molecular layer of the dentate gyrus. Similarly, we have reported that P2 × 7 receptor antagonists could not prevent astroglial death in the PC, whereas they effectively attenuated astroglial loss in the molecular layer of the dentate gyrus following SE.^[@bib23]^ Although further studies are needed to elucidate the mechanism of SE-induced astroglial death in the PC, it is likely that the distinct mechanisms involve astroglial death in the different regions. Taken together, our findings indicate that PARP1 degradation/inactivation may be one of the determining factors in regional-specific astroglial death in response to SE insults.

PARP1 activation induces regional-specific reactive gliosis induced by SE
-------------------------------------------------------------------------

Reactive gliosis is characterized by the proliferation of microglia and astrocytes as well as by astroglial hypertrophy following injury in the brain.^[@bib37],\ [@bib38]^ PARP1 expression/activation in glial cells allows the function of transcription factors such as nuclear factor-*κ*B, activator protein-1 and cAMP-response element binding protein that control cell proliferation and inflammatory responses.^[@bib39],\ [@bib40],\ [@bib41],\ [@bib42],\ [@bib43],\ [@bib44]^ In the present study, astrocytes in the CA1--3 region showed PAPR1 and PAR inductions following SE. The *ex vivo* model also showed the astroglial PARP1 induction, although PAR immunoreactivity was undetectable. Furthermore, PARP1 inhibitors effectively inhibited reactive astrogliosis in the CA1 region. As reactive astrogliosis occurs rather early after insult, even before any obvious neuronal damage,^[@bib45]^ our findings indicate that PARP1 induction/activation may influence the early steps of the astroglial activation. PARP1 also expresses in activated microglia/infiltrated monocytes, and plays an important role in the regulation of neuroinflammatory responses.^[@bib46]^ In previous study, we reported that resident microglia are replaced by blood-derived monocytes in PC after SE.^[@bib24]^ In the present study, IB4-positive cells in non-SE animals had no PARP1 expression in the PC *in vivo*. Following SE, IB4-positive cells had strong PARP1 expression in the PC. Therefore, our findings indicate that PARP1 induction may play an important role in reactive microgliosis and in the activation of infiltrated monocytes following SE.

In conclusion, we provide novel evidence that PARP1 activation/degradation shows regional- and cellular-specific patterns in hemodynamic-independent manners. To the best of our knowledge, the present study proposes for the first time the role of PARP1 in neuron--astroglial death and reactive gliosis. Therefore, we suggest that the selective modulation of PARP1 activation/degradation may be a considerable strategy for therapy in various neurological diseases.

Materials and Methods
=====================

Experimental animals
--------------------

This study utilized the progeny of Sprague-Dawley (SD) rats (male, 9--11 weeks old) obtained from Experimental Animal Center, Hallym University, Chunchon, South Korea. The animals were provided with a commercial diet and water *ad libitum* under controlled temperature, humidity and lighting conditions (22±2 °C, 55±5% and a 12 : 12 light/dark cycle with lights). Procedures involving animals and their care were conducted in accord with our institutional guidelines that comply with NIH Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80--23, 1996). In addition, we have made all efforts to minimize the number of animals used and their suffering.

Intracerebroventricular drug infusion
-------------------------------------

Rats were divided into three groups: vehicle (saline)-treated group, PJ-34-treated group (PARP inhibitor VIII, 3 *μ*M, Merck, Darmstadt, Germany) and DPQ-treated group (PARP inhibitor III, 5 *μ*M, Merck) (*n*=30, respectively). The dosage of each compound was determined as the highest dose that did not affect seizure threshold in the preliminary study. Animals were anesthetized (Zolretil, 50 mg/kg, i.m., Virbac Laboratories, Carros, France) and placed in stereotaxic frames. For the osmotic pump implantation, holes were drilled through the skull for introducing a brain infusion kit 1 (Alzet, Palo Alto, CA, USA) into the right lateral ventricle (1 mm posterior; 1.5 mm lateral; −3.5 mm depth; flat skull position with bregma as reference), according to the atlas of G. Paxinos and C. Watson, *The rat brain in stereotaxic coordinates* (3rd ed.), Academic Press, San Diego (1997).^[@bib47]^ The infusion kit was sealed with dental cement and connected to an osmotic pump (1007D, Alzet). The pump was placed in a subcutaneous pocket in the dorsal region. Animals received 0.5 *μ*l/h of vehicle or compound for 1 week.^[@bib21],\ [@bib25]^

Seizure induction
-----------------

At 3 days after surgery, rats were treated with PILO (380 mg/kg, i.p.) 20 min after injection of methylscopolamine (5 mg/kg, i.p.). Approximately 80% of PILO-treated rats showed acute behavioral features of SE (including akinesia, facial automatisms, limbic seizures consisting of forelimb clonus with rearing, salivation, masticatory jaw movements and falling). Diazepam (10 mg/kg, i.p.) was administered 2 h after onset of SE and repeated, as needed. Age-matched animals were used as non-SE-experienced controls (non-SE animals, *n*=30). Non-SE animals received saline in place of PILO. At designated time courses, animals were used for immunohistochemistry and western blot.

Acute brain slices
------------------

Animals (*n*=15) were anesthetized with urethane anesthesia (1.5 g/kg, i.p.) and decapitated. Brains were rapidly removed and placed in ice-cold cutting solution (composition in mM: KCl 3, NaH~2~PO~4~ 1.25, MgSO~4~ 6, NaHCO~3~ 26, CaCl~2~ 0.2, glucose 10 and sucrose 220). Coronal sections (300 *μ*m thickness) were cut on a Vibratome (Campden Instruments Limited, Loughborough, UK) and slices were subsequently transferred to oxygenated ACSF (composition in mM: NaCl 124, KCl 2.5, NaHCO~3~ 26, KH~2~PO~4~ 1.25, MgSO~4~ 2, CaCl~2~ 2.5, glucose 10 and sucrose 4, pH 7.4, bubbled with 95% O~2~ and 5% CO~2~) at room temperature.^[@bib48]^ Cutting solution was 300--305 mOsm/l. After warming to 34 °C for 30 min, the ACSF was exchanged again, and slices were then held at room temperature. Individual slices were then transferred to a chamber and perfused with oxygenated ACSF at 2 ml/min.^[@bib48]^ Some slices were treated with PJ-34 (1 *μ*M) or DPQ (5 *μ*M) in ACSF. After 10 min of incubation, PILO (5 mM) was added in each chamber for 2 h. After culture, slices were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for immunohistochemical study or homogenated for western blot.

Tissue processing
-----------------

Animals were perfused transcardially with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 M PB (pH 7.4) under urethane anesthesia (1.5 g/kg, i.p.). The brains were removed, and postfixed in the same fixative for 4 h. The brain tissues were cryoprotected by infiltration with 30% sucrose overnight. Thereafter, the entire hippocampus was frozen and sectioned with a cryostat at 30 *μ*m and consecutive sections were contained in six-well plates containing PBS. For stereological study, every sixth section in the series throughout the entire hippocampus was used in some animals.

FJB staining
------------

FJB staining was used to identify degenerating neurons. Briefly, sections were rinsed in distilled water, and mounted onto gelatin-coated slides and then dried on a slide warmer. The slides were immersed in 100% ethanol for 3 min, followed by 70% ethanol for 2 min and distilled water for 2 min. The slides were then transferred to 0.06% potassium permanganate for 15 min and gently agitated. After rinsing in distilled water for 2 min, the slides were incubated for 30 min in 0.001% FJB (Histo-Chem Inc., Jefferson, AR, USA), freshly prepared by adding 20 ml of a 0.01% stock FJB solution to 180 ml of 0.1% acetic acid, with gentle shaking in the dark. After rinsing for 1 min in each of three changes of distilled water, the slides were dried, dehydrated in xylene and coverslipped with DPX. For stereological study, every sixth section in the series throughout the entire hippocampus and PC were used (see below).

Immunohistochemistry
--------------------

The sections were first incubated with 3% bovine serum albumin in PBS for 30 min at room temperature. They were then incubated with rabbit anti-PARP1 IgG (diluted 1 : 500; Abnova, Taipei, Taiwan) in PBS containing 0.3% Triton X-100 and 2% normal chicken serum overnight at room temperature. After washing three times for 10 min with PBS, sections were incubated sequentially with the secondary antibody and ABC complex (Vector Laboratories Inc., Carros, France) and diluted 1 : 200 in the same solution as the primary antiserum. Between incubations, tissues were washed with PBS three times for 10 min each. The sections were visualized using 3,3′-diaminobenzidine in 0.1 M Tris buffer and mounted on gelatin-coated slides. Immunoreactions were observed using an Axio Scope microscope (Carl Zeiss, Inc., Göttingen, Germany). To establish the specificity of the immunostaining, a negative control test was carried out with preimmune serum instead of the primary antibody. No immunoreactivity was observed for the negative control in any structures. All experimental procedures in this study were performed under the same conditions and in parallel.

Immunofluorescence staining
---------------------------

Brain tissues were incubated with mixtures of mouse anti-GFAP IgG (diluted 1 : 100; Millipore, Bedford, MA, USA)/rabbit anti-PARP1 IgG (diluted 1 : 100; Abnova), rabbit anti-PARP1 IgG (diluted 1 : 100; Abnova)/IB4 lectin (diluted 1 : 200, Vector, Burlingame, CA, USA), rabbit anti-GFAP IgG (diluted 1 : 200; Promega, Madison, WI, USA)/mouse anti-PAR IgG (diluted 1 : 100; Trevigen, Gaithersburg, MD, USA), rabbit anti-GFAP IgG (diluted 1 : 500; Promega)/mouse anti-NeuN IgG (diluted 1 : 500; Abnova) or mouse anti-PAR IgG (diluted 1 : 100; Trevigen)/rabbit anti-PARP1 IgG (diluted 1 : 100; Abnova) in PBS containing 0.3% Triton X-100 and 2% normal chicken serum overnight at room temperature. Some brain sections were reacted with only mouse anti-GS IgG (diluted 1 : 100; Millipore). After washing three times for 10 min with PBS, sections were also incubated in a mixture of FITC- and Cy3-conjugated secondary antisera (Amersham, Piscataway, NJ, USA, 1 : 200) for 1 h at room temperature. Sections were mounted in Vectashield mounting media with/without DAPI (Vector). Images were captured using an Axiocam HRc camera and Axio Vision 3.1 software or confocal laser scanning microscope (LSM 510 META, Carl Zeiss, Inc.). Figures were mounted with Adobe PhotoShop 7.0 (San Jose, CA, USA). Manipulation of the images was restricted to threshold and brightness adjustments to the whole image.

TUNEL staining
--------------

TUNEL staining was performed with the TUNEL apoptosis detection kit (Cat.\# 17-141, Merck Millipore, Bedford, MA, USA) according to the manufacturer\'s instructions. Following TUNEL reaction, GFAP immunofluorescence staining was performed. For nuclei counterstaining, we used Vectashield mounting medium with DAPI (Vector). All images were captured using an Axiocam HRc camera and Axio Vision 3.1 software.

Cell counts
-----------

For quantification of immunohistochemical data, cells in 2--4 regions (1 × 10^5^ *μ*m^2^) from each section were counted on 20 × images. Results are presented as means±S.D. of 15--24 regions from 5 animals. For quantification of GFAP/PARP1 double immunofluorescence, the number of GFAP-positive cells showing PARP1 induction was actually counted within the sampled images. All immunoreactive cells were counted regardless of the intensity of labeling. Cell counts were performed by two different investigators who were blind to the classification of tissues.

Western blot
------------

Aliquots containing 20 *μ*g total protein were boiled in a loading buffer containing 150 mM Tris (pH 6.8), 300 mM DTT, 6% sodium dodecyl sulfate (SDS), 0.3% bromophenol blue and 30% glycerol. Each aliquot was loaded into a 10% polyacrylamide gel. After electrophoresis, gels were transferred to nitrocellulose transfer membranes (Schleicher and Schuell BioScience Inc., Keene, NH, USA). To reduce background staining, the filters were incubated with 5% nonfat dry milk in TBS containing 0.1% Tween-20 for 45 min, followed by incubation with rabbit anti-PARP1 (1 : 500; Abnova), cleaved PARP1 (1 :  500; Biovision, Mountain View, CA, USA) or mouse anti-*β*-actin (1 : 5000; Sigma, St. Louis, MO, USA) and subsequently with an HRP-conjugated secondary antibody. Western blotting was performed with an ECL Western Blotting Detection Kit (Amersham). Intensity measurements were represented as the mean gray-scale value on a 256 gray-level scale. Results are presented as means±S.E.M.^[@bib21]^

Data analysis
-------------

All data obtained from the quantitative measurements were analyzed using Student\'s *t*-test or one-way ANOVA to determine statistical significance. Bonferroni\'s test was used for *post hoc* comparisons. A *P*-value of \<0.05 was considered statistically significant.^[@bib20],\ [@bib21],\ [@bib49]^

This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MEST) (no. 2012R1A2A1A01001775 and 2013R1A6A3A04058272).

PARP1

:   poly(ADP-ribose) polymerase-1

PAR

:   poly(ADP-ribose) polymers

SE

:   status epilepticus

PC

:   piriform cortex

FJB

:   Fluoro-Jade B

ACSF

:   artificial cerebrospinal fluid

PILO

:   pilocarpine

SD

:   Sprague-Dawley

PB

:   phosphate buffer

PBS

:   phosphate-buffered saline

SDS

:   sodium dodecyl sulfate

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Edited by A Verkhratsky

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![PARP1 expression in the hippocampus following SE. (**a**) Western blot shows the gradual downregulation of full length of PARP1 protein without cleavage until 3 days after SE. At 1 and 4 weeks after SE, the expression of full length of PARP1 protein is increased as compared with 3 days after SE in the hippocampus. Cleaved PARP1 band is not observed in this region. (**b**) Quantification of full-length PARP1 protein levels (means±S.E.M., *n*=5, respectively). *\*P*\<0.05 *versus* non-SE animals (one-way ANOVA test). (**c**) SE-induced PARP1 immunoreactivities in the hippocampus. Following SE, the number of PARP1-positive neurons is reduced in the CA1 and CA3 region, but not in dentate granule cell layer. In the molecular layer of the dentate gyrus, PARP1 expression is detected in some non-neuronal cells (arrows). Following SE, PARP1 expression in non-neuronal cells is undetectable in the molecular layer of the dentate gyrus. In contrast, PARP1 expression is increased in non-neuronal cells in the CA1--3 regions following SE (arrows). Panels 2--4 are the high-magnification photos of rectangles in panel 1. Bar=400 *μ*m (panel 1) and 50 *μ*m (panels 2 and 3). (**d**) The changes in the number of PARP1-positive neurons in the hippocampus (means±S.D., *n*=5, respectively). *\*P*\<0.05 *versus* non-SE animals (one-way ANOVA test)](cddis2014331f1){#fig1}

![Astroglial PARP1 expression in the hippocampus following SE. (**a**) Astroglial PARP1 degradation in the molecular layer of the dentate gyrus following SE. In the molecular layer of the dentate gyrus, PARP1 expression is detected in astrocytes. Following SE, PARP1 expression in astrocytes is undetectable in this region accompanied by downregulation of GFAP expression. Bar=12.5 *μ*m. (**b**) Astroglial death induced by SE. Following SE, both GFAP and GS expression are reduced in the molecular layer of the dentate gyrus. M, molecular layer; DG, dentate granule cell layer; H, hilus. Bar=50 *μ*m. In addition, TUNEL-positive astrocytes show downregulation of GFAP expression. Bar=12.5 *μ*m. (**c**) Astroglial PARP1 induction in the stratum radiatum of the CA1 region following SE. In non-SE animals, few astrocytes show PARP1 immunoreactivity in the CA1 region. Following SE, reactive astrocytes contain PARP1 immunoreactivity. Bar=12.5 *μ*m. (**d**) The changes in the number of total astrocytes and PARP1-positive astrocytes in the hippocampus following SE. In the molecular layer of the dentate gyrus (DG), the fraction of PARP1-positive astrocytes in total astrocytes is reduced following SE. In the CA1 and CA3 regions, the numbers of total astrocytes and the fraction of PARP1-positive astrocytes in total astrocytes are gradually increased following SE (means±S.D., *n*=5, respectively). *\*P*\<0.05 *versus* non-SE animals (one-way ANOVA test)](cddis2014331f2){#fig2}

![PARP1 expression in the PC following SE. (**a**) Western blot shows the gradual downregulation of full length of PARP1 protein without cleavage until 3 days after SE. At 1 to 4 weeks after SE, the expression of full length of PARP1 protein is increased as compared with 3 days after SE in the PC. Cleaved PARP1 band is not observed in this region. (**b**) Quantification of full-length PARP1 protein levels (means±S.E.M., *n*=5, respectively). *\*P*\<0.05 *versus* non-SE animals (one-way ANOVA test). (**c**) SE-induced PARP1 immunoreactivities in the PC. Following SE, the number of PARP1-positive neurons is reduced in the PC. However, PARP1 expression is increased in non-neuronal cells in the PC. Panel 2 shows high-magnification photos of rectangles in panel 1. Bar=400 *μ*m (panel 1) and 50 *μ*m (panel 2). (**d**) The changes in the number of PARP1-positive neurons in the PC (means±S.D., *n*=5, respectively). *\*P*\<0.05 *versus* non-SE animals (one-way ANOVA test)](cddis2014331f3){#fig3}

![Astroglial death and microglial PARP1 induction in the PC following SE. (**a**) Astroglial death induced by SE. Both GFAP and GS expression are reduced in the PC. Astroglial depleted lesion (L) is surrounded by reactive astrocytes. Bar=200 *μ*m. (**b**) Double immunofluorescent images for PARP1 and GFAP/IB4 in the PC. In non-SE animals, PARP1 expression is detected only in PC neurons. Following SE, PARP1 degradation and GFAP-positive astroglial loss are observed in the PC. In addition, IB4-positive microglia show PARP1 immunoreactivity. Bar=12.5 *μ*m. (**c**) The changes in the number of total astrocytes and PARP1-positive astrocytes in the hippocampus following SE. The number of total astrocytes is reduced at 3 days to 1 week after SE, whereas the fraction of PARP1-positive astrocytes in total astrocytes is unaltered (means±S.D., *n*=5, respectively). *\*P*\<0.05 *versus* non-SE animals (one-way ANOVA test)](cddis2014331f4){#fig4}

![SE-induced PARP activation (PAR synthesis) in the hippocampus and the PC *in vivo*. In non-SE animals, PAR immunoreactivity is rarely observed in the hippocampus and the PC. At 12 h after SE, PAR is detected in the CA1--3 neurons, dentate granule cells, hilar neurons and PC neurons. PAR immunoreactivity is also observed in some astrocytes in the CA1 region (arrows). Bar=25 *μ*m](cddis2014331f5){#fig5}

![The effect of PARP1 inhibitors (PJ-34 and DPQ) on SE-induced astroglial responses in the hippocampus and the PC *in vivo*. (**a**) In the CA1 region, both PARP1 inhibitors inhibit SE-induced reactive gliosis to the extent of non-SE level at 3 days after SE. In the CA3 region, both PARP1 inhibitors induce astroglial death in the stratum lucidum following SE. In the DG region, both PARP1 inhibitors aggravate astroglial loss in the molecular layer of the dentate gyrus following SE. In the PC, PARP1 inhibitors do not affect SE-induced astroglial death at 3 days after SE. Bar=50 *μ*m. (**b**) The effect of PARP1 inhibitors (DPQ and PJ-34) on GS expression is similar to those on GFAP expression in the hippocampus and the PC *in vivo*. Bar=50 *μ*m. (**c**) Quantification of the number of astrocytes following SE (means±S.D., *n*=5, respectively). *\*P*\<0.05 *versus* non-SE animals (one-way ANOVA test)](cddis2014331f6){#fig6}

![The effect of PILO on PARP1 and GFAP expression *ex vivo*. In the DG, ACSF+PILO decreased PARP1 expression in astrocytes, but increased it in astrocytes in the CA1 region. In the PC, ACSF+PILO reduced PARP1 expression and the number of GFAP-positive astrocytes. Bar=25 *μ*m (DG and CA1) and 12.5 *μ*m (PC)](cddis2014331f7){#fig7}

![The effect of PARP1 inhibitors (PJ-34 and DPQ) on PILO-induced astroglial responses in the hippocampus and the PC *ex vivo*. (**a**) ACSF+PILO did not induce neuronal death in the CA1--3 regions and the dentate gyrus. Both PARP1 inhibitors induced astroglial loss in the stratum lucidum of the CA3 region. In the PC region, ACSF+PILO induced astroglial loss. Both PARP1 inhibitors are ineffective to astroglial death induced by ACSF+PILO. Bar=50 *μ*m. (**b**) Quantification of the number of astrocytes (means±S.D., *n*=5, respectively). *\*P*\<0.05 *versus* normal ACSF (one-way ANOVA test)](cddis2014331f8){#fig8}
